Background: The InsuPad is a medical device to accelerate insulin resorption by applying local heat at the insulin injection site. This crossover study examined the impact of the InsuPad use on postprandial glucose excursions under daily life conditions.
The insulin action profiles of subcutaneously injected fastacting insulin analogues are still slow compared to the physiological release of human insulin. Thus, postprandial glucose excursions cannot be avoided. 1 The InsuPad is a medical device designed to apply local heat around the site of the insulin injection. When an insulin injection is given, the skin surface temperature is heated locally up to 40.0 C° for 30 minutes. Pharmacokinetic studies demonstrated that local heating around the insulin infusion site for 30 minutes after a prandial insulin bolus resulted in accelerated uptake of insulin from the subcutaneous tissue. [2] [3] [4] Clamp studies investigating the pharmacodynamic effect of local heating demonstrated that the glucose-lowering effect of insulin was earlier and more pronounced when heating was applied around the local infusion site. [2] [3] [4] Inpatient studies, using standardized meals in type 1 diabetic subjects on continuous subcutaneous insulin infusion (CSII) therapy, showed that postprandial glucose values could be significantly reduced by using a local heating device with CSII therapy. 2, 5 However, until now, the impact of local heating at the injection site has not been demonstrated under real-life conditions.
In this crossover study, the efficiency of InsuPad on glycemic control was studied in an outpatient setting under real-life conditions. The primary objective of this study was to test the hypothesis that the use of the InsuPad has a significant effect on the reduction of postprandial blood glucose excursions after breakfast and dinner under daily life conditions of insulinresistant diabetic patient on multiple daily injection (MDI) therapy. Secondary outcomes were the effects of InsuPad use on glycemic control and on patient-reported outcomes (diabetesrelated distress and diabetes treatment satisfaction). Safety parameters were incidences of hypo-and hyperglycemia.
Methods

Design and Setting
This single-center, open-label, crossover study consists of 2 study phases, of 4 weeks each. In the intervention phase patients were instructed to use the InsuPad at least while injecting the prandial insulin dose at breakfast and dinner; in the control phase participants did not use the InsuPad. The order of these 2 study phases was randomized. In both phases participants were instructed to measure their blood glucose at least 5 times a day, before breakfast, lunch, and dinner as well as 90 minutes after breakfast and after dinner. Participants were also asked to document insulin doses, time of meal start, and possible adverse events (eg, hypoglycemia, device failures, and reactions at the injection site) in their log books.
During the first visit, participants were instructed on the study procedures. Participants were also familiarized with the Diasend® system. Diasend is a standalone system for easy uploading of information from most point-of-care blood glucose meters (BGMs) and transferring them to a central computer. The subjects were instructed to connect their BGMs to the Diasend transmitter at least once a week. All point-of-care BGM of the patients were subjected to a quality control procedure by using appropriate control material to check if the BGM results were within the manufacturers accuracy limits.
Participants, randomized to use the InsuPad during the first study phase, were also instructed in how to use this device. After 2 weeks, a phone call was scheduled to ensure that participants were complying with the study protocol and to address any problems. After 4 weeks, the first phase ended and a second visit took place. Participants were instructed to measure their blood glucose in the same frequency as during the first phase and to connect their BGM to the Diasend transmitter at least once a week. Patients without InsuPad during the first period were now instructed in how to use the InsuPad; patients with InsuPad during the first phase handed back their devices. After week 6, another phone call was made. After 8 weeks the close-out took place for all participants during visit 3.
The study took place in an outpatient setting of the Research Institute of the Diabetes Academy Mergentheim, Bad Mergentheim, Germany.
Subjects
Eligible for this study were participants who met the following inclusion criteria: 
Outcomes
Primary Outcome. The primary outcome was the combined outcome of blood glucose excursions after breakfast and dinner as measured by the patients' BGM. Blood glucose excursions were calculated with respect to premeal baseline levels.
Only postprandial glucose excursions, which were not earlier than 75 minutes and not later than 135 minutes after the meals were analyzed.
Secondary Outcomes
• • Overall glycemic control was assessed by the daily average of all BGM measurements during the 2 study phases. • • The impact of the InsuPad on postprandial glucose control was analyzed separately for breakfast and dinner. • • As a subsequent analysis, the amount of self-reported carbohydrate consumption and prandial insulin doses at breakfast and dinner were evaluated with and without InsuPad. • • Patient-reported outcomes were assessed by self-report scales. Diabetes-related distress was evaluated via the Problem Areas in Diabetes (PAID) Questionnaire; 6 treatment satisfaction was tested via the Diabetes Treatment Satisfaction Questionnaire (DTSQ). 7 • • The DTSQ measures overall satisfaction with diabetes treatment. However, the DTSQ contains also some items that can be considered to be at least sensitive to assess the impact of InsuPad use more specifically. Satisfaction regarding the occurrence of hypo-and hyperglycemic blood glucose values as well as the questions regarding if the patient would recommend his or her current diabetes treatment for other patients and if the patient would continue his or her current diabetes treatment could be related to the InsuPad use.
• • Safety parameters were the percentage of hypo-or hyperglycemic BGM measurements and the number of severe hypo-or hyperglycemic events requiring thirdparty assistance or medical assistance for recovery.
Sample Size
The sample size estimation was based on a laboratory study using standardized liquid meals (2) . In this study, the use of a heating device similar to the InsuPad had an effect size of Cohen's d = 0.85 on postprandial glucose excursions. We assumed a somewhat lower effect size of Cohen's d = 0.65 as this study was conducted under daily life conditions. To detect an effect of this size in a within-group comparison with a 2-sided 5% significance level and a power of 80%, a sample size of 20 pairs was necessary.
Statistical Methods
Only blood glucose excursions with a time difference between 75 and 135 minutes between preprandial and postprandial measurement, documented by the Diasend system, were regarded as valid postprandial glucose excursions and were included in the statistical analysis; no data clearing methods were applied. For each subject an individual mean of postprandial glucose excursion and total glucose values were calculated. Also the mean percentage of biochemically defined hypoand hyperglycemic events was calculated for each subject prior to the use of inference statistical analysis. Based on the blood glucose logbook, mean amount of self-reported carbohydrates and insulin doses also were calculated.
The primary and secondary outcomes were analyzed using repeated measures ANOVA. The use of the InsuPad device (yes/no) was the within factor, and the order of the periods was the between factor. Thus, this analysis controlled for the order effect.
Results
Study Sample
Twenty patients completed the study. The sample characteristics are described in Table 1 . This is a rather young sample with a majority of type 2 diabetic patients and suboptimal glycemic control. Individual insulin dose of 0.97 IU per kg body weight suggests rather high insulin resistance. Also, most study participants are overweight, as indicated by their body mass index (BMI 33.2 kg/m 2 ). Nearly half of the sample received a combination treatment of insulin and antidiabetic oral drugs. In all cases the oral antidiabetic medication was Metformin, no participant received DPP-4 inhibitor or incretin treatment in addition to insulin treatment. The participants reported a rather low amount of diabetes-related distress and a high diabetes treatment satisfaction at baseline. Table 1 also provides sample characteristics for type 1 and type 2 diabetic patients separately. Except for the expected difference in age, there were no other important differences between these subgroups.
In Table 2 , the numbers of valid pre-to postmeal comparisons, the mean carbohydrate intake, and the mean bolus insulin dose before breakfast and dinner are reported. The numbers of valid pre-to postmeal comparisons are highly comparable. This also applies to the amount of carbohydrates consumed and the number of prandial insulin units. In addition to these combined data for breakfast and dinner, the number of pre-to postmeal comparisons, the mean carbohydrate intake, and the mean bolus insulin dose are also separately reported at breakfast and dinner. The amounts of carbohydrates consumed and the number of prandial insulin units are rather similar at each of the 2 meals.
Effect on Postprandial Glucose Control
In Figure 1 , the impact of InsuPad use on combined postprandial glucose excursion after breakfast and dinner is shown. Local heating of the skin at the injection site could reduce postprandial glucose excursions by approximately 15 mg/dl. Variance analysis controlling the order effect showed a significant effect of InsuPad use (P = .011), whereas there was no significant interaction effect between order and InsuPad use (P = .377).
In a secondary analysis the impact of InsuPad use on postprandial glucose excursions was analyzed separately for breakfast and dinner. A reduction in postprandial glucose excursion was seen after breakfast when the InsuPad device was used, but it was not statistically significant (P = .199). InsuPad use after dinner was associated with a significant better postprandial glucose control. Order effects as indicated by significant interaction between the order of InsuPad use and postprandial glucose excursions were not significant for breakfast (P = .799) or for dinner (P = .320).
Overall Glycemic Control
The impact of the InsuPad use on the overall glycemic control is based on results of blood glucose self-monitoring during the 2 study phases with and without the InsuPad use. Phases length were highly comparable (without InsuPad 30.0 ± 5.1 days vs with InsuPad 28.0 ± 1.0 days, P = .142). Figure 2 displays mean blood glucose levels as captured by BGM measurements with and without InsuPad use. Although the overall mean blood glucose level was approximately 9 mg/dl lower during the intervention phase using the InsuPad, the difference was not statistically significant (P = .099); there was also no significant interaction effect between order and InsuPad use (P = .101).
Safety Parameters
No severe adverse events were recorded during the study. Similarly, no events were recorded in both study periods regarding severe hypoglycemic episodes (requiring thirdparty or medical assistance) as well as diabetic ketoacidosis (requiring medical assistance). Table 3 shows the number of biochemically defined hypoand hyperglycemic events per week during study phases with and without InsuPad use. Different biochemical thresholds to define these hypo-or hyperglycemic episodes were used. All these results are based on the data of patients' BGM.
There was a reduction of severe high blood glucose values during the use of InsuPad, which failed to reach the significance level. The percentages of severe low blood glucose values were highly comparable between both study phases.
There were no severe device-related adverse events reported. There were also no malfunctions of the InsuPad device reported. Figure 3 shows the impact of the InsuPad use on diabetesrelated distress, measured according to the PAID questionnaire, and diabetes treatment satisfaction, measured according to the DTSQ. There is no significant change in diabetes-related distress and treatment satisfaction. The level of diabetes-related distress was low at baseline. Results of the variance analysis showed that the use of InsuPad had no significant impact on diabetes-related distress (P = .196). The same was evident for diabetes treatment satisfaction. Treatment satisfaction was high at baseline and remained high during InsuPad use and non-InsuPad use. The variance analysis once again showed no significant impact of the InsuPad use on treatment satisfaction use (P = .647).
Patient-Reported Outcomes
Discussion
The results of this outpatient study demonstrate that postprandial blood glucose excursions can be statistically significant reduced by the use of the InsuPad device in daily routine in insulin-resistant diabetic patients with multiple daily insulin injection therapy. The results corroborate laboratory findings using standard meals or liquid meals, namely that a beneficial effect on postprandial glucose control is not restricted to artificial experimental conditions, but is also evident in daily life with less standardized meals and timing of insulin injections. It also shows not only that diabetic patients on insulin pump therapy will benefit from local heating of the insulin infusion site, but also that people on MDI treatment can significantly reduce postprandial blood glucose excursions. The effect of InsuPad on postprandial blood glucose was more pronounced after dinner than after breakfast. This may be due to circadian fluctuations of insulin sensitivity, which normally reaches its nadir in the morning. There was a reduction in high blood glucose values incidence during the use of InsuPad, which failed to reach the significance level. There was no significant impact of the InsuPad use on severe adverse events or biochemically defined hypoglycemic episodes.
Since the use of the InsuPad device requires additional effort from patients, it could not be excluded that the use of InsuPad had an unfavorable effect on treatment satisfaction or may lead to an increase of diabetes-related distress. However, study results indicate no disadvantageous effect of InsuPad on patient-reported outcomes such as self-reported diabetesrelated distress or satisfaction with insulin treatment.
The study had some limitations that should be taken into consideration for the interpretation of the study. Patients were selected not according to diabetes type but according to a high insulin demand. This led to a mixed sample of type 1 and type 2 diabetic patients. However demographic data suggest that except for the expected age difference there were no substantial differences between the 2 patient subgroups. Insulin treatment was very similar in both groups. An exploratory adjustment of the statistical model (data not shown) for diabetes type yielded P values (dinner and breakfast P = .009, breakfast alone P = .424 and dinner alone P = .006) similar to the unadjusted variance analysis P values. It is therefore unlikely that diabetes type has specific influence on the effect of the InsuPad device on postprandial glucose control.
The observed postprandial blood glucose excursion was rather low. This might be due to several factors. One possible reason was the choice of postprandial glucose excursion measurement time. The ADA 8 recommends considering blood glucose values 2 hours after the start of a meal as postprandial glucose values. The mean time interval in our study was approximately 110 minutes between meal and postprandial glucose measurement, which is close to the ADA definition. Since 1 aim of the study was to test the efficacy of the InsuPad under real-life conditions, a time window between 75 minutes and 135 minutes was allowed to capture postprandial glucose excursions. However this time window makes it unlikely that we have captured the maximal postprandial glucose excursion for each meal. Another possible reason for the low postprandial glucose excursions in this real-life-study compared to previous meal tests with the InsuPad device is that the meals were not standardized, which is unlike liquid meals or standardized meals, previously used to measure the effect of InsuPad. Also meals in this study might have varied with regard to fat and protein content. This might have also influenced magnitude and timing of postprandial glucose excursions unsystematically and may also contribute to the rather low mean postprandial blood glucose excursions. Given these varying amounts of carbohydrate and meal compositions, clearly a continuous glucose monitoring would have had the advantage to capture the maximal postprandial glucose excursions. However, since continuous glucose monitoring is not very common in Germany for this patient group and we wanted to test the impact of the InsuPad under daily life circumstances, we opted to use the self monitored blood glucose values. Valid pairs of pre-and postprandial blood glucose measurements were available for only 50% of breakfasts and dinners. In this real-life study this might be partially due to flexibility of diet recommendations in multiple insulin injection regimens. However we don't expect that this has biased the results of the study as the number of valid BGM measurement did not significantly differ between InsuPad use and non-InsuPad use.
Preprandial glucose values were rather high. However, since in this crossover study each patient served as his or her own control subject, it is unlikely that high preprandial glucose values in both study conditions are responsible for the observed study effect.
In summary, the study data indicate that the InsuPad device is efficient and safe for the reduction of postprandial blood glucose excursions without compromising patient satisfaction with diabetes treatment or increasing diabetesrelated distress in insulin-resistant people with diabetes on a multiple daily insulin injection treatment. Studies done in rather lean type 1 diabetic populations2-4 suggest that the metabolic beneficial effects of local heating of the injection site are not restricted to insulin-resistant diabetic patients. Of course further studies are needed to clarify the transferability of these results to other diabetic populations.
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